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SEAMLESS COARSE AND FINE DELAY
STRUCTURE FOR HIGH PERFORMANCE
DLL

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation application of
U.S. application Ser. No. 12/620,041 filed Nov. 17, 2009,
U.S. Pat. No. 8,093,937/, which 1s a continuation application
of U.S. application Ser. No. 11/186,548, filed Jul. 21, 2005,
U.S. Pat. No. 7,629,819. These applications are incorporated
by reference herein 1n their entirety and for all purposes.

BACKGROUND

1. Field of the Disclosure

The present disclosure generally relates to synchronous
circuits and, more particularly, to a single delay line based
structure to provide for a seamless phase change between
coarse and fine delays at high frequencies.

2. Briet Description of Related Art

Most digital logic implemented on integrated circuits 1s
clocked synchronous sequential logic. In electronic devices
such as synchronous dynamic random access memory cir-
cuits (SDRAMSs), microprocessors, digital signal processors,
etc., the processing, storage, and retrieval of information 1s
coordinated or synchromized with a clock signal. The speed
and stability of the clock signal determines to a large extent
the data rate at which a circuit can function. Many high speed
integrated circuit devices, such as SDRAMs, microproces-
sors, etc., rely upon clock signals to control the flow of com-
mands, data, addresses, etc., into, through and out of the
devices.

In SDRAMSs or other semiconductor memory devices, 1t 1s
desirable to have the data output from the memory synchro-
nized with the system clock that also serves the microproces-
sor. Delay-locked loops (DLLs) are synchronous circuits
used 1n SDRAMSs to synchronize an external clock (e.g., the
system clock serving a microprocessor) and an iternal clock
(e.g., the clock used internally within the SDRAM to perform
data read/write operations on various memory cells) with
cach other. Typically, a DLL 1s a feedback circuit that operates
to feed back a phase difference-related signal to control a
delay line, until the timing of one clock signal (e.g., the
system clock) 1s advanced or delayed until 1ts rising edge 1s
comncident (or “locked”) with the rising edge of a second
clock signal (e.g., the memory internal clock).

FI1G. 1 depicts a simplified block diagram of a delay-locked
loop (DLL) 10. The DLL 10 recerves a reference clock (Ret-
Clk) 12 as an mput and generates an output clock or the
ClkOut signal 14 at 1ts output. The ClkOut signal 14 1s, 1n
turn, fed back as a feedback clock (CIkFB or FBClock) 16 as
discussed later. The reference clock 12 i1s interchangeably
referred to herein as “CIkREF”, “RefCIk™, “Ref clock signal™
or “Ref clock™; whereas the feedback clock 16 1s interchange-
ably referred to herein as “CIkFB”, “CIkFB signal”, “FB
clock signal” or “FBClock.” The reference clock 12 1s typi-
cally the external system clock serving the microprocessor or
a delayed/butfered version of it. The system clock 12 may be
supplied to the DLL 10 via one or more clock buffers (not
shown).

The delay line 1n the DLL 10 may be comprised of a coarse

delay line 18 and a fine delay line 20. The RefClk 12 may be

supplied first to the coarse delay line 18 whose output 1s then
ted into the fine delay line 20 to generate the ClkOut signal 14.
The coarse delay line 18 may include a number of coarse
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2

delay stages (not shown) and may be designed to produce an
output signal having a phase vanation from an 1nput signal
within a coarse delay stage, whereas the fine delay line 20 1s
typically designed to produce an output signal having a phase
variation from the input signal which 1s substantially smaller
than the deviation provided by the coarse delay line 18. In
other words, the coarse delay line 18 1s designed to bring 1ts
output signal to a near phase lock condition, or phase delayed
condition, whereas the fine delay line 20 1s designed to per-
form “fine tuming” to achieve the signal locking condition.
Thus, a dual delay line (coarse and fine) DLL or PLL can
provide a wide lock range while at the same time still provid-
ing a tight lock within reasonable time parameters.

In operation, the clock output signal 14 1s used to provide
the internal clock (not shown) used, for example, by a
memory device (not shown) to perform data read/write opera-
tions on memory cells (not shown) and to transfer the data out
of the memory device to the data requesting device (e.g., a
microprocessor (not shown)). As can be seen from FI1G. 1, the
ClkOut signal 14 (and, hence, the FBClock 16) 1s generated
using delay lines 18, 20, which introduce a specific delay into
the input Ref clock 12 to obtain the “lock™ condition.

As noted betore, the purpose of the DLL 10 1s to align or
lock the internal clock (not shown) used by, for example, a
memory device to perform data read/write operations to the
system’s external clock (not shown). A delay monitor 22
monitors a delay time of the output clock 14 from the coarse
and fine delay lines 18, 20. A phase detector (PD) 24 com-
pares the relative timing of the edges of the system’s external
clock (not shown) and the memory’s internal clock (not
shown) by comparing the relative timing of their respective
representative signals—the Ref clock 12 which relates to the
system clock, and the FBClock signal 16 which relates to the
memory’s internal clock—so as to establish the lock condi-
tion. The PD 24 may compare a phase difference between the
RetfClk 12 and the FBClock 16 (supplied via the delay moni-
tor 22) and output appropriate shift signals SHL (Shift Lett)
signal 25 and SHR (Shift Right) signal 26 for adjusting the
phase difference between the RefClk 12 and the ClkOut 14.
The delay monitor circuit 22 may function as a builer or
dummy delay circuit for the ClkOut signal 14 before the
ClkOut signal 14 1s fed into the phase detector 24 as the FB
clock 16. The output of the delay monitor 22 (1.e., the FB
clock 16) may etiectively represent the memory’s internal
clock, which may be provided to various circuit elements 1n a
memory device through the clock driver and data output
stages (not shown). Thus, the delay monitor 22 attempts to
maintain the phase relationship between the Ref clock 12 and
the FB clock 16 as close as possible to the phase relationship
that exists between the external system clock (not shown) and
the electronic device’s (e.g., a memory’s) internal clock (not
shown).

The Ref clock 12 and the FB clock 16 are fed as inputs into
the phase detector 24 for phase comparison. The output of the
PD 24—one of the SHL 25 and SHR 26 signals—controls the
amount of delay imparted to the RefClk 12 by the delay line
18, 20. The SHL 235 and SHR 26 signals may determine
whether the Ret clock 12 should be shifted left (SHL) or
shifted right (SHR ) through the appropriate delay units 1n the
delay lines 18, 20 so as to match the phases of the Ref clock
12 and the FB clock 16 to establish the lock condition. The
SHL 25 and SHR 26 s1ignals may be supplied to the delay lines
18, 20 via a shift register 28, which may control the delay time
of the delay lines 18, 20 according to the shiit signals SHL and
SHR from the phase detector 24. Based on the status of the
SHL 25 and SHR 26 signals input thereto, the shift register 28

may generate one or more delay adjustment signals 30 to
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carry out the left or right shift operations indicated by the
phase detector 24 (via SHL 235 or SHR 26 signals). As 1s

known 1n the art, a shiit left operation in a delay line results in
adding a delay to the clock signal mput thereto, whereas a
shift right operation reduces the delay. The delay adjustment
signals 30 essentially serve the same purpose as the SHL 25 or
the SHR 26 signals, but their application to the coarse and fine
delay lines 18, 20, respectively, 1s controlled by the shiit
register 28. The cumulative delay imparted to the Ref clock 12
by the series-connected coarse and fine delay lines 18 and 20,
respectively, operates to adjust the time difference between
the output clock 14 (as represented by the FB clock 16) and
the mmput RefClk 12 until they are aligned. The phase detector
24 generates the shaft left (SHL) and shift right (SHR) signals
depending on the detected phase difierence or timing differ-
ence between the Ref clock 12 and the FB clock 16, as 1s
known 1n the art.

Inthe DLL 10 o1 FI1G. 1, when the ReiClk 12 1s output from
the coarse delay line 18 and 1input to the fine delay line 20, the
switching at the boundary of coarse and fine delays may result
in creation of jitter(s) or discontinuity in the final signal
output from the fine delay line 20 (1.e., the ClkOut signal 14).
These clock perturbations may not be desirable, especially
when an electronic device (e.g., a memory device (not
shown)) 1s operated at significantly high clock frequencies
(e.g., 800 MHz or higher). Furthermore, as reference clock
frequencies increase, the DLL architecture in FIG. 1 may not
be suitable to adequately control coarse shifting at such high
frequencies, which may negatively afiect the signal integrity
of the output clock 14 and may also delay establishment of a
lock condition.

It 1s therefore desirable to devise a clock synchromization
circuit that avoids output clock signal jitter at high clock
frequencies and that also performs a smooth phase transition
at the boundary of the coarse and fine delays. It 1s also desir-
able to have this synchronization circuit able to adequately
control coarse shifting at higher clock frequencies without
any limitations.

SUMMARY

In one embodiment, the present disclosure contemplates a
method of producing a clock signal for a fine delay line from
a coarse delay line. The method comprises applying a refer-
ence clock to a first delay unit 1n the single, coarse delay line,
wherein the delay line includes a plurality of delay units. A
first intermediate clock and a second intermediate clock are
generated from the reference clock using the single delay line,
wherein the first and the second intermediate clocks have a
fixed phase difference therebetween. An output clock 1s gen-
erated from the first and second intermediate clocks, wherein
the output clock has a phase between the phases of the first
and second intermediate clocks.

In another embodiment, the present disclosure contem-
plates a method of producing a clock signal for a fine delay
line from a single, coarse delay line formed by a chain of
serially connected delay units with a tri-state inverter posi-
tioned at the output of each delay unit 1n the chain of delay
units. The method 1s comprised of applying a reference clock
to a first delay unitin the coarse delay line. Starting with a pair
of delay units that includes the first delay unit, selectively
activating two or more delay units and each tri-state inverter
connected to an input and an output, respectively, of the
most-recently activated delay unit 1in the two or more delay
units based on a delay determination by a phase detector. The
outputs of at least certain of the even-numbered tri-state
inverters 1n the delay line are combined to generate a first
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4

intermediate clock and the outputs of at least certain of the
odd-numbered tri-state mverters 1n the delay line are com-
bined to generate a second intermediate clock, wherein the
first and the second intermediate clocks have a fixed phase
difference therebetween. An output clock 1s generated from
the first and the second intermediate clocks, wherein the
output clock has a phase between the phases of the first and
said second 1intermediate clocks.

In a further embodiment, the present disclosure contem-
plates a method of operating a synchromization circuit having
a single, coarse delay line with a plurality of delay units. The
method comprises applying a reference clock to a first delay
unit in the single, coarse delay line which 1s comprised of a
plurality of delay units. A first intermediate clock and a sec-
ond intermediate clock are generated from the reference
clock using the single, coarse delay line, wherein the first and
said second intermediate clocks have a ﬁxed phase difference
therebetween. An output clock 1s generated from the first and
the second intermediate clocks, wherein the output clock has
a phase between the phases of the first and the second inter-
mediate clocks. The output clock may be used as a feedback
signal to control the number of delay units that are active 1n
the coarse delay line.

In a still further embodiment, the present disclosure con-
templates a clock synchronization circuit. The circuit com-
prises a single delay line to receive a reference clock and to
generate a first intermediate clock and a second intermediate
clock theretrom. The first and the second intermediate clocks
have a fixed phase difference therebetween. The synchroni-
zation circuit also includes a phase mixer coupled to the delay
line to recerve the first and the second intermediate clocks as
inputs thereto and to generate an output clock as an output
therefrom, wherein the output clock has a phase between the
phases of the first and the second intermediate clocks. The
output clock 1s used by a feedback loop for controlling the
coarse delay line and phase mixer.

The clock synchronization circuit according to the present
disclosure may be part of an electronic device including, for
example, a memory device. Such memory devices may be
used 1n various systems including, for example, computing or
data processing systems. Such electronic devices and systems
are also contemplated 1n various embodiments of the present
disclosure.

The systems and methods of the present disclosure avoid
output clock jitter at high frequencies and achieve a smooth
phase transition at the boundary of the coarse and fine delays.
The system may use a single coarse delay line configured to
generate two itermediate clocks having a fixed phase ditfer-
ence therebetween from the input reference clock. The coarse
delay line may have a hierarchical or a non-hierarchical struc-
ture. A phase mixer receives these two itermediate clocks
and generates the final output clock having a phase between
the phases of the intermediate clocks. The coarse shifting in
the delay line at hugh clock frequencies does not affect the
phase relationship between the intermediate clocks fed into
the phase mixer. Thus, the phase mixer receives the interme-
diate clocks with a fixed phase delay at all times, regardless of
coarse shifting performed 1n the coarse delay line. Therefore,
although a phase mixer may solve the delay discontinuity
problem between the coarse and fine delay boundary, the
generation of the mtermediate signals using a single delay
line further allows coarse shifting at high frequencies, with-
out any limitations. The output clock from the phase mixer 1s
time synchronized with the mnputreference clock and does not

exhibit any jitter or noise even at high clock frequency inputs.

BRIEF DESCRIPTION OF THE DRAWINGS

For the present disclosure to be easily understood and
readily practiced, the present disclosure will now be
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described for purposes of illustration and not limitation, 1n
connection with the following figures, wherein:

FI1G. 1 depicts a simplified block diagram of a delay-locked
loop;

FI1G. 2 1llustrates an exemplary block diagram of a clock
synchronization circuit according to one embodiment of the
present disclosure;

FIG. 3 shows 1n detail an exemplary architecture for the
coarse and fine delay lines 1n the synchromization circuit of
FIG. 2;

FIG. 4 1llustrates an exemplary simulation of various clock
and other signals 1n the synchronization circuit of FIG. 2 and
also 1llustrates the seamless switching (as reflected in the
“clean”, final output clock) at the coarse-fine boundary using
the coarse and fine delay line architecture of FIG. 3;

FIG. 5 shows an exemplary circuit constituting the phase
mixer depicted 1in FIG. 2;

FIGS. 6 A-6B depict a detailed circuit diagram according to
one embodiment of the present disclosure for simulation of
the clock synchronization circuit of FIG. 2;

FI1G. 7 illustrates another exemplary architecture according,
to one embodiment of the present disclosure for the coarse
and fine delay lines 1n the synchronization circuit of FIG. 2;

FIG. 8 illustrates another exemplary simulation of various
clock and other signals 1n the synchronization circuit of FIG.
2 and also 1llustrates the seamless switching (as reflected 1n
the “clean”, final output clock) at the coarse-fine boundary
using the coarse and fine delay line architecture of FIG. 7;

FIGS. 9A-9C depict a detailed circuit diagram according to
one embodiment of the present disclosure for simulation of
the clock synchronization circuit of FIG. 2;

FI1G. 10 1s a simplified block diagram showing a memory
chip or memory device employing the clock synchronization
circuit of FIG. 2 according to one embodiment of the present
disclosure; and

FIG. 11 1s a block diagram depicting a system 1in which one
or more memory chips having the architecture shown 1n FIG.
10 are used.

DETAILED DESCRIPTION

Reference will now be made 1n detail to certain embodi-
ments of the present disclosure, examples of which are 1llus-
trated 1n the accompanying drawings. It 1s to be understood
that the figures and descriptions of the present disclosure
included herein illustrate and describe elements that are of
particular relevance to the present disclosure, while eliminat-
ing, for the sake of clarity, other elements found 1n typical
solid-state memories or memory-based systems. It 1s noted at
the outset that the terms “coupled,” “connected”, “connect-
ing,” “electrically connected,” etc., are used interchangeably
herein to generally refer to the condition of being electrically
connected. It 1s further noted that various block diagrams,
circuit diagrams and timing waveforms shown and discussed
herein employ logic circuits that implement positive logic,
1.€., a high value on a signal 1s treated as a logic “1” whereas
a low value 1s treated as a logic “0.” However, any of the
circuit discussed herein may be easily implemented in nega-
tive logic (1.e., a high value on a signal 1s treated as a logic “0”
whereas a low value 1s treated as a logic “17).

It 1s noted here at the outset that the terms “synchronous
circuit” or “synchronization circuit” are used interchangeably
hereinbelow to refer to a clock synchronmization circuit such as
a delay locked loop (DLL) or a phase locked loop (PLL). As
mentioned hereinbetore, it 1s known 1n the art that a clock
synchronization circuit 1s used for compensating a skew
between an external clock signal and an internal clock signal
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for an electronic device, e.g., a memory device. It 1s further
noted here that although the discussion below 1s given with
reference to a delay locked loop (DLL), that discussion may
equally apply (with necessary circuit modifications known to
one skilled 1n the art) to a circuit employing a phase locked
loop (PLL). Therefore, additional PLL-based embodiments
are not discussed hereinbelow.

FIG. 2 illustrates an exemplary block diagram of a clock
synchronization circuit 32 according to one embodiment of
the present disclosure. The synchronous circuit: 32 in FIG. 2
1s a delay locked loop (DLL) having a single delay line (as
opposed to the dual delay line architectures including, for
example, the architecture of FIG. 1) in the form of a coarse
delay line 34 (discussed hereinbelow with reference to FIG.
3) or 34* (discussed hereinbelow with reference to FIG. 7).
The fine delay adjustment may be accomplished using a digi-
tal phase mixer 36. The DLL 32 1n FIG. 2 also includes a
phase detector 38 and a delay monitor 40. The functionalities
of the phase detector 38 and the delay monitor 40 may be
similar those of the phase detector 24 and the delay monitor
22, respectively, in FIG. 1. Therefore, additional discussion
for the phase detector 38 and the delay monitor 40 1s not
provided herein for the sake of brevity. It is also observed here
that because of the similar clock synchronization purpose
between the DLL 10 in FIG. 1 and the DLL 32 in FIG. 2,
various clock and shift signals common between FIGS. 1 and
2 are referred to by the same reference numerals. Thus, for
example, the reference numeral “12” 1s used to refer to the
RefClk signal in FIGS. 1 and 2, the reference numeral “14” 1s
used to 1dentily the ClkOut signal 1n FIGS. 1 and 2, and so on.
Additional discussion of these clock and shift signals 1s omit-
ted for brevity.

In the embodiment of FIG. 2, the coarse delay line 34 1s
configured to generate two mtermediate clock signals—the
“even” clock or eCLK signal 42 and the “odd’ clock or oCLK
signal 43—{rom the input reference clock 12. It 1s noted here
that the eCLK 42 and the oCLK 43 have a fixed (predeter-
mined) phase difference therebetween. The constructional
details and operation of the coarse delay line 34 according to
one embodiment are discussed later hereinbelow with refer-
ence to the discussion of FI1G. 3. The phase mixer 36 mixes the
phases of the eCLK si1gnal 42 and the oCLK signal 43 accord-
ing to a weight factor (K), and outputs the ClkOut signal 14
having a phase that 1s between the phases of the eCLK 42 and
the oCLK 43 as discussed later hereinbelow. The weight
factor “K” may be supplied to the phase mixer 36 through a
weight factor signal 44 generated by a control unit 46.

The control unit 46 controls the operation of the phase
mixer 36 by outputting the weight factor signal 44 1n response
to the shift indication signal—i.e., the shift leit (SHL) signal
25 or the shift right (SHR) signal 26—recerved from the
phase detector 38. Thus, the weight factor signal 44 repre-
sents the phase shift necessary to achieve the “fine” tuning 1n
the phase mixer 36. The weight factor signal 44 from the
control unit 46 assures that the output clock 14 from the phase
mixer 36 has a phase between the phases of the two delay
clock signals—i.e., the eCLK signal 42 and the oCLK signal
43—input to the phase mixer 36 {from the coarse delay line 34.
In addition, the control unit 46 may also control the operation
of a shift register and control umit 48 by outputting a control
(CON) signal 49.

The shift register and control unit 48 (or, simply, “the shift
register”’) may output shift “select” signals SELO, SEL1,
SEL2, etfc., to select which units (discussed later hereinbe-
low) 1n the coarse delay line 34 be selected to accomplish the
desired left shift or right shift operation as indicated by the

SHL 25 and SHR 26 signals from the phase detector 38. The
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shift register 48 may perform the generation of these shift
select signals (collectively referred to 1n FIG. 2 by the refer-
ence numeral “50”’) based on the status of the control (CON)
signal 49 recerved from the control umt 46 and the SHL 25
and SHR 26 signals from the phase detector 38. For example,
when the phase difference between the output clock 14 and
the reference clock 12 1s over the delay time of one delay unit
(shown and discussed with reference to FIG. 3 later herein-
below) 1n the coarse delay line 34, the control unit 46 and the
phase detector 38 may instruct the shift register 48 via the
CON signal 49 and the SHL 25 and SHR 26 signals, respec-
tively, to perform the necessary shift operation by asserting,
appropriate shift select signals 50.

It 1s seen from the foregoing that the DLL 32 1n FIG. 2
achieves synchronization between the reference clock 12 and
the output clock 14 using just a single delay line 34 along with
a phase mixer 36 and related phase detection, shifting and
control circuitry. As discussed later hereinbelow, the genera-
tion of two intermediate clocks 42, 43 i1n the hierarchical
delay line structure of FIG. 2—1.e., the coarse delay line 34
tollowed by the “fine” delay structure (as implemented using
the phase mixer 36)—allows for coarse shifting at any time
regardless of the reference clock’s high/low value or fre-
quency. Because the output clock 14 has a phase between the
phases of the eCLK 42 and oCLK 43 signals, a seamless
transition at the coarse-fine boundary may be accomplished
without introducing jitter at high frequency clock operations.

FIG. 3 shows 1n detail an exemplary architecture for the
coarse delay line and fine delay structure 34 and 36, respec-
tively, 1n the synchronization circuit 32 of FIG. 2. The coarse
delay line 34 may include a plurality of coarse delay units
(CDUs) 52, 53, 54, etc. The number of CDUs necessary to
elfect the desired coarse shifting may be determined, at the
time of circuit design, based on the range of input reference
clock frequencies to be handled by the DLL 32. For example,
a high frequency operation may need significantly less coarse
delay cells than an operation at a low reference clock fre-
quency because of the clock period of a high frequency clock
1s less than that of a low frequency clock. Each CDU 52-56
may imtroduce a fixed, predetermined unit delay 1n the clock
signal input thereto. Each CDU 52-56 may be designed to
provide an effectively equal unit of delay. In one embodiment,
cach CDU 352-56 may provide a unit delay 1n the range o1 300
ps 700 ps to accommodate for the PVT (process, voltage, and
temperature) variations.

The coarse delay line 34 may also include a plurality of
tri-state inverters (I'SIs) 57, 38, 59, etc. As shown 1n FIG. 3,
one tri-state mverter 1s connected between a pair of CDUSs so
that the output of each rightward preceding CDU 1s sent out of
the delay line 34 via the TSI placed immediately leftward of
that CDU. For example, the output of CDU 52 1s sent as an
input to the TSI 57, which, in turn, transfers 1t out of the delay
line 34 via the eCLK signal 42. On the other hand, the output
of CDU 53 1s sent as an mput to the TSI 38, which, 1n turn,
transters 1t out of the delay line 34 via the oCLK s1gnal 43. For
case of discussion, each TSI 1n FIG. 3 may be numbered 1n an
ascending order starting with number “0”” for TSI 57, number
“1” for TSI 58, number “2” for TSI 59, and so on. In the
embodiment of FIG. 3, all even-numbered (0, 2, 4, etc.) TSIs
57,59, 61, etc. are connected 1n such a manner as to share the
same output line (i.e., the eCLK line 42); whereas, all odd-
numbered (1, 3, 5, etc.) TSIs 38, 60, ctc. share the other
common output line (i.e., the oCLK line 43). In other words,
the outputs of all even-numbered TSIs are combined to con-
stitute the eCLK signal 42 and the outputs of all odd-num-
bered TSIs are combined to constitute the oCLK signal 43.
The eCLK si1gnal 42 and the oCLK signal 43 are inputs to the
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phase mixer 36 (which functions as a fine delay line) as shown
in FIGS. 2 and 3. The CDUs are connected so as to form a
chain of CDUs 1n the leftward direction. Thus, for example,
the output of the first CDU 52 1s connected to its immediately
lett CDU 53 whose output 1s 1n turn connected to the CDU 54,
and so on. It 1s noted here that the terms “leftward™ or “right-
ward” are used herein for ease of discussion only. In practice,
the circuit configuration for the delay line 34 may not be
identical to that shown in FIG. 3. For example, a real-life
implementation of FIG. 3 may not have all CDUs organized
in a straight line fashion on a semiconductor chip, as 1s known
to one skilled 1n the art. It 1s also noted here that although the
CDU s are organized 1n a series-connected chain, only the first
CDU 52 1s configured to directly recerve the reference clock
signal 12 that 1s 1input to the coarse delay line 34. All other
CDUs 1n the chain may receive a delayed version of this clock
signal as propagated to them through interveming CDUSs
under the control of the shift selection (SEL) signals 50 from
the shift register and control unit 48 as discussed later here-
inbelow. The circuit diagram 1n FIGS. 6 A-6B 1llustrate exem-
plary constructional details of unit delay cells or CDUSs that
may be used 1n the coarse delay line 34.

As mentioned hereinbetfore, in the embodiment of FIG. 3,
the phase difference between the eCLK 42 and the oCLK 43
signals 1s fixed. In one embodiment, a time value of the fixed
phase difference 1s equal to the time delay provided by one
delay unit (CDU) 1n the coarse delay line 34. This t,.,,, (the
unit delay provided by a single CDU 1n the delay line 34) of
time delay between the phases of eCLK 42 and oCLK 43
signals may be achieved by the TSI-based “even” and “odd”
output connections as illustrated 1n FIG. 3. The control unit
46, on the other hand, outputs the weight factor signal 44 to
control the phase mixing 1n the phase mixer 36 so as to obtain
the phase of the output clock 14 between the phases ol the two
delay clock signals eCLK 42 and oCLK 43, thereby generat-
ing the output clock 14 having a phase that 1s approximate to
the phase of eCLK 42 or oCLK 43 depending on the left or
right shifts recommended by the phase detector 38. That 1s,
the phase mixer 36 generates the mid-phase clock (1.e., the
ClkOut signal 14) by interpolating between the phases of 1ts
two 1nput clocks-eCLK 42 and oCLK 43—according to the
weight factor “K” supplied to 1t by the control unit 46 via the
weight factor signal 44.

In the embodiment of FIG. 3, the operation of the phase
mixer 36 may be defined by the following equation:

ClkOut=eCLK*(1-K)+oCLK*K (1)

As noted belore, the value of the weight factor “K” (0<K<1)
may be defined by the weight factor or control signal 44 from
the control unit 46. When “K” 1s increased, the output clock
14 has a phase approximately equal to the phase of the delay
clock signal oCLK 43. When “K” 1s decreased, however, the
output clock 14 has a phase approximately equal to the phase
of the delay clock signal eCLK 42. For example, as seen from
equation (1), 1f “K” 1s set to “07, the ClkOut signal 14 will
have the same clock as the eCLK signal 42 (1gnoring, for ease
of discussion, the delay of the phase mixer 36 itself), but 1f
“K” 1s set to “17, the ClkOut signal 14 will have the same
clock as the oCLK signal 43 (again ignoring the phase mix-
er’s 36 internal delay). However, if “K” 1s “0.5”, then the
output clock 14 will have a center-phase between eCLK 42
and oCLK 43 signals.

It 1s observed that during initialization of DLL 32, the SR
(shift right) mode may not be allowed, even though the DLL
32 could be 1 the SR region (1.e., the timing relationship
between RefCLK 12 and ClkOut 14 may 1ndicate a need to

perform a shift right operation) because there 1s no delay unit
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(CDU) on the right side of CDU 32 (1.e., the reference clock
entry point in the coarse delay line 34) in FIG. 3. Furthermore,
in one embodiment, at the time of initialization of DLL 32
(e.g., at system start-up or system reset), the control unit 46 1s
configured to set the value of weight factor “K” equal to “0”.
In this situation, the CON signal 49 will struct the shait
register 48 to assert only the SELO shiit selection signal S0A.
The coarse delay line 34 1s configured 1n such a manner that
a “high” value on the SELO signal 50A will enable (or acti-
vate) only the first two CDUSs 352-53 and their corresponding,
TSIs 57-58. The other CDUs and TSIs 1n the coarse delay line
34 remain turned oif or inactive at this time. With the SELO
signal S0A asserted, the eCLK signal 42 1s generated through
one CDU (i.e., the CDU 352), whereas the oCLK signal 43 1s
generated through two CDU s (1.e., the CDU 52 and 53) from
the 1nput reference clock 12 as can be seen from the circuit
configuration of FIG. 3. But, when K=0, the ClkOut s1ignal 14
at the output of the phase mixer 36 will have the same phase
as the eCLK input 42 to the phase mixer 36 (ignoring, for the
sake of simplicity, the delays 1n the TSI 537 and the phase
mixer 36). The phase detector 38 will then compare the phase
of this ClkOut signal 14 (as represented by the phase of the FB
clock 16) and the mput reference clock 12, and i1 the phase
detector 38 finds that more delay 1s needed 1n the ClkOut
signal 14, the phase detector 38 may indicate the need for
more delay through 1ts shift indication signal SHL 235. Upon
receiving the new SHL signal 25, the control unit 46 “inter-
prets” this shift indication signal from the phase detector 38
and, 1n response, may further increase the value of the weight
factor “K” and supply the new value to the phase mixer 36 via
the weight factor signal 44. The larger the value of “K.” the
more delay 1s added to the ClkOut signal 14, and when K=1,
the phase of ClkOut signal 14 will be the same as that of the
oCLK signal 43 input to the phase mixer 36 (as can be seen
from the equation (1) given heremnbelore, and, 1ignoring, for
the sake of simplicity, the delays 1n the TSI 58 and the phase
mixer 36).

If phase detector 38 determines that there 1s still more delay
needed 1n the output clock 14, even with K=1, 1t may again
assert the SHL signal 25. In that event, the control unit 46 may
instruct the shift register 48 (via the CON signal 49) to per-
form another shift left operation and enable the SEL1 shift
selection signal 50B instead of the SELO signal 50A. Thus,
the SELO signal S0A will be disabled, but, now, the SEL1
signal 508 will be active. When the SEL1 signal 50B 1s
asserted, the delay line 34 will activate one more leftward
CDU (1.e., the CDU 354) in addition to the two previous CDUSs
52-53 already activated by the SELO signal. Upon assertion
of the SEL1 signal S0B, the delay line 34 will also activate the
TSI (1.e., the TSI 39) associated with the newly-activated
CDU 54. In other words, when the SEL1 signal 30B 1s active,
there will be three CDUs 52-54 and two TSIs 38-59 active in
the delay line 34. The assertion of SEL1 signal will turn off
the previously activated TSI 57, but maintain CDUSs 1n prior
stages active. All other CDUs and TSIs will also remain
deactivated or turned off. The activation of the SEL1 signal
50B will not reset the most recent value of K (here, K=1).

However, the assertion of the SEL1 signal 50B will change
only the eCLK’s 42 phase from one CDU delay (1.e., delay by

CDU 52) to three CDUs delay (1.e., delays by CDUs 52-54)
because the eCLK 42 now includes output from the TSI 59,

which 1s generated after the reference clock 12 1s delayed by
three intervening CDUs 52-54. The SEL1 signal 50B, how-

ever, will not change the phase of 0CLK 43 because, except
for the originally-activated (by the SELO signal 50A) first
odd-numbered TSI 58, no additional odd-numbered TSI 1s

activated by the activation of the SEL1 signal 50B. With the
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value of K still equal to *“17, the output of the phase mixer 36
(1.e., the ClkOut signal 14) 1s not changed because the phase
mixer 36 1s still bypassing the oCLK signal 43 to 1ts output (as
seen from inserting the value of K=1 1n equation (1)). Thus,
even though additional coarse delays have been activated 1n
the delay line 34 by the SEL1 signal 50B, there 1s no change
in the output clock 14. Thus, this new coarse shifting with
SEL1 does not introduce any jitter or noise in the output clock
14.

However, after the SEL1 signal 30B 1s asserted and “K’” has
avalue of “17, 1t1s determined by the control unit 46 (based on
the shift indication recerved from the phase detector 38) to
decrease the value of “K” to achieve proper “fine” tuning
between the RefClk 12 and the output clock 14, the phase of
the output clock 14 can be delayed more and more, Because,
from this time (1.e., from the time the value of “K” starts to
decrease), the eCLK signal 42 will start playing a role (be-
cause, now K<1) in the generation of the output from the
phase mixer 36, and, as seen from the architecture 1n FIG. 3,
the eCLK signal 42 has more delayed phase than the oCLK
signal 43 when SEL1 1s asserted because of eCLK’s genera-
tion after three CDU (CDUs 32-54) delay versus oCLK’s
generation after two CDU (CDUs 52-53) delay. On the other
hand, even when K=0 while SEL1 1s activated, 1if it 1s deter-
mined by the phase detector 38 to further left shift the ClkOut
signal 14, then, with K=0, the control unit 46 may again
instruct the shift register 48 (via the CON signal 49) to deac-
tivate the SEL1 input 50B to the delay line 34 and, instead,
activate the SEL2 iput 50C. The activation of the SEL2
signal 50C will activate the CDUs 52-55 and TSIs 59-60,
thereby introducing an additional delay 1n generation of the
oCLK signal 43, but the phase of the eCLK 42 will not change
because of no additional CDU 1is activated in the generation
path of the eCLK signal 42. The value of “K” may now be
increased from this point (1.e., from the K=0 situation) to
obtain the desired “fine” tuning in the phase mixer 36. Thus,
the value of “K” may swing between “0” and “1” while an
SEL signal 1s activated. As discussed hereinbetore, the phase
change 1n the oCLK 43 may occur when K=0, but the phase
change 1n the eCLK 42 may occur when K=1.

It 1s noted here that the above description of operation of
the circuit 1n FIG. 3 1s overly simplistic. At high frequency
operations 1n practice, the determination of optimum value of
“K” for a given SEL signal may be done 1n not more than a
tew clock cycles of time to establish a quick “lock” condition.
Further, the above described mechanism of selective activa-
tion/deactivation of CDUs and their corresponding TSIs (us-
ing the SEL# shift selection mputs) may remain the same
even with a shift-right operation (instead of the shift-left
operation described hereinabove) 1n the shift register 48 for
decreasing the delay at the coarse/fine boundary. This selec-
tive activation or deactivation of two or more CDUs and their
corresponding TSIs by activation of appropriate SEL signals
1s 1llustrated 1n FIG. 3 by the dotted groups 62-65 of CDUs
and TSIs and by showing each SEL signal associated with 1ts
corresponding group. It 1s understood that the illustration of
dotted groups 62-65 1s for ease of discussion only. The actual
circuit implementation may be different from the layout indi-
cated 1 FIG. 3 as can be seen from the exemplary circuit
diagram in FIGS. 6 A-6B.

It 1s observed here that each activation of leftward SEL
signal activates an additional leftward CDU, but deactivates
one prior activated (rightward) TSI. Thus, TSIs 1n FIG. 3 are
turned on and oif depending on the status of the SEL signal of
its corresponding section, but CDUs are turned on in an
additive manner. If the SEL mput to a TSI’s section 1s deac-
tivated, that TSI will also be turned off unless the TSI belongs
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to the newly-activated section. For example, when the SELL1
signal 50B 1s applied to group 63, 1t will activate the addi-
tional CDU 54 and 1ts corresponding TSI 59, but the earlier
activated TSI 57 will now be deactivated because of deacti-
vation of the SELO input S0A. The earlier activated TSI 58
will, however, not be turned ofl because 1t also belongs to the
group 63 (1n addition to group 62) which is currently receiv-
ing the SEL1 mnput 50B. Similarly, when the SEL2 mnput 50C
1s asserted to group 64 and the SEL1 input 30B to group 63 1s
deasserted, the additional leftward CDU 55 and its corre-
sponding TSIs 59-60 belonging to group 64 are activated, but
the earlier activated TSI 38 1n group 63 1s now deactivated
because of the deassertion of the SEL1 input 50B. Similar
activation/deactivation process occurs for other SEL inputs.

FIG. 4 1llustrates an exemplary simulation of various clock
and other signals 1n the synchronization circuit of FIG. 2 and
also 1illustrates the seamless switching (as reflected 1n the
“clean”, final output clock) at the coarse-fine boundary using
the coarse and fine delay line architecture of FIG. 3. The SA,
SB, and SC si1gnals 76-78, respectively, shown 1n FI1G. 4 (and
also shown 1n more detail in FIGS. 5§ and 6) constitute the
weight factor signal 44 (from the control unit 46) carrying the
value of weight factor “K.” The combination of various states

of SA, SB, and SC signals 76-78 (and their complements
SAb, SBb, and SCb signals 76*-78* in FIG. 5) at a given
instant 1n time may be used to indicate a specific value for “K”
at that instance 1n time. The shiaft left (SHL) and shift right
(SHR) signals 25-26 from the phase detector 38 are also
shown as a way of an example 1n FIG. 4. A system reset signal
(PRE) 82 1s also shown 1n FIG. 4 (and 1n more detail in FIG.
6A) to indicate an exemplary voltage level at the time of
initialization of the DLL 32. It 1s seen from the simulation
wavetorms of RefClk 12, eCLK 42, oCLK 43, and ClkOut 14
that although there are occurrences of phase changes in the
¢CLK 42 and oCLK 43 wavelorms (as pointed out by the
circled letters A, B, C, and D i FIG. 4) because of the
assertion of SHL 25 and SHR 26 signals (and, hence, asser-
tion of appropriate SEL signals from the shift register 48), the
final output clock (1.e., the ClkOut signal 14) 1s absent of any
jitter or noise caused by such coarse shifting in the delay line
34. Thus, the output clock 14 1s “clean” (1.e., substantially
similar to the input reference clock 12) despite the coarse
phase shiftings (at mstances A, B, C, and D) occurring at
significantly high clock frequency.

It 1s noted here that because of the generation of the eCLK
42 and oCLK 43 using the architecture of FIG. 3, there 1s
always a fixed, one CDU delay (t.,,,) between the phases of
cCLK 42 and oCLK 43 mputto the phase mixer 36, regardless
of which SEL signal 1s activated at a given instance. In other
words, the left or night shifting mandated by the phase detec-
tor 38 and, hence, by the shiit register 48, does not atiect the
fixed, phase delay between the two intermediate clocks 42-43
that are input to the phase mixer 36. Thus, the phase mixer 36
receives the eCLK 42 and oCLK 43 signals with this
fixed .5, of delay therebetween, despite the changes in the
amount of coarse delay (1.e., activation or deactivation of one
or more CDUs 1n the delay line 34) being effected inside the
coarse delay line 34 by the SEL signals from the shiit register
48. Because of this fixed delay between eCLK 42 and oCLK
43, the generation of the output clock 14 through the phase
mixer 36 becomes independent of the high frequency jitter or
phase changes that may be present 1n the intermediate clocks
42-43. The final “fine” tuming may be achieved 1n the phase
mixer 36 by supplying varying values of “K” (0<K<1) until
the desired output clock signal 14 is obtained. Therefore, as
seen from the simulation wavetorms in FIG. 4, the effect of
changes in coarse delays (in the delay line 34) 1s not mani-
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fested 1n the output (1.e., the ClkOut signal 14) of the fine
delay unit (here, the phase mixer 36). The generation of
intermediate clocks 42-43 with a fixed phase delay therebe-
tween thus results 1n a seamless transition from coarse delay
to fine delay as reflected 1n the final output clock 14 in FI1G. 4.

FIG. 5 shows an exemplary circuit constituting the phase
mixer 36 depicted in FIG. 2. As shown 1n FIG. 5, the eCLK
input 42 to the phase mixer 36 may be fed to a first set of
tri-state iverters (1SIs) 70-72 and the oCLK input 43 may be
ted to asecond set of TSIs 73-75. The outputs of all these TSIs
70-75 are combined and applied to an inverter 80 to generate
the final output clock 14. The weight factor “K” may be
received through the control unit 46 1n the form of a group of
digital signals SA-SC 76-78, respectively. The phase mixer
36 may also receive a complement of each of these signals,
1.€., signals SAb-SCb 76*-78%*, respectively, as shown 1n the
exemplary circuit diagram of FIGS. 6 A-6B. The signals (1.e.,
signals SA-SC 76-78) constituting the weight factor “K” may
be applied 1n a complementary manner to various TSIs as
illustrated 1in FIG. 5. For example, the enable inputs of TSI 70
for the eCLK signal 42 are SA 76 and SAb 76*, whereas a
similarly-situated TSI 73 for the oCLK si1gnal 43 recerves this
same set of enable imputs, but connected to TSI 73 1n a
complementary manner as can be seen from the schematic 1n
FIG. 5. Other enable inputs SB-SC and their complements
SBb-SCb are also connected to their respective tri-state
inverters 1 such a complementary manner as can be seen
from FIG. 5. Using such complementary connections, 1t 1s
possible to implement the phase mixing functionality given
by equation (1) hereinbelore.

FIGS. 6 A-6B depict a detailed circuit diagram according to
one embodiment of the present disclosure for simulation of
the clock synchronization circuit of FIG. 2. The circuit sche-
matic in FIGS. 6A-6B illustrates the shift register 48, the
coarse delay line 34, and the phase mixer 36 blocks in FIG. 2
in more detail. A few of the signal lines 1n FIGS. 6 A-6B are
labeled with reference numerals to provide context with ret-
erence to FIGS. 2-3. Although neither a discussion of FIGS.
6A-6B nor an exhaustive component labeling 1s provided
herein for various circuit elements in FIGS. 6 A-6B, 1t 1s noted
that the operation of the circuit in FIGS. 6 A-6B may be easily
understood by one skilled 1n the art upon comparison with the
block diagrams 1n FIGS. 2-3 and based on the earlier discus-
s1on of the operation of the DLL 32 1n FIG. 2 and the opera-
tion of the coarse delay line 34 1n FIG. 3. It 1s observed here
that the circuit schematic in FIGS. 6 A-6B 1s for illustrative
purpose only. A circuit designer may implement the DLL 32
in FIG. 2 and the coarse delay line 34 in FIG. 3 1n many other
different ways using the teachings of the present disclosure.

It 1s noted here that the DLL 32 according to one embodi-
ment of the present disclosure may receive reference clock
frequencies 1n the range of 800 MHz-1 GHz. In that case, a
small clock jitter may distort the duty cycle. Therefore, 1t may
be preferable to utilize a reference clock frequency with a
50% duty cycle. Furthermore, as discussed hereinbefore, the
utilization of the intermediate clock generating architecture
for the coarse delay line 34 (FIG. 3) along with a digital phase
mixer 36 for fine delay tuning may result in a jitter-free
generation of the output clock 14 even when the DLL 32 1s
operated at such high reference clock frequencies. Using the
coarse and fine delay structures of FIGS. 3 and 5, 1t may be
possible to perform clock shiit operations at any time regard-
less of the input (reference) clock’s high or low values or
frequency. The fixed, one unit of phase delay between the
intermediate clocks eCLK 42 and oCLK 43 allows the phase
mixer 36 to perform the “fine” tuning and generate the ClkOut
signal 14 without transmitting any clock jitters or phase
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changes that may arise during coarse shifting (in the coarse
delay line 34) to the ClkOut signal 14. The output clock’s 14
jtter performance can thus be increased even at a very high
frequency operation while using only a small silicon area
because a high frequency operation may not need many
coarse delay cells or CDUs (FIG. 3). Further, with the use of
the hierarchical delay line structure of FIGS. 2-3 wherein
only one coarse delay line and one phase mixer are used for
obtaining coarse and fine delays, respectively, the size of the
final DLL unit 32 and power consumption in the DLL 32 may
be significantly optimized.

It 1s observed here that, in the coarse delay line structure of
FIG. 3, because one mput (e.g., the eCLK signal 42) of the
phase mixer 36 can get coarse shiit (in the delay line 34) only
when the phase mixer 36 bypasses the other input (e.g., the
oCLK signal 43) to 1ts output line as the ClkOut signal 14,
there 1s no limitation in controlling the coarse shifting w1th1n
the delay line 34 and the phase change at the coarse-fine
boundary 1s seamless (as reflected in the simulation of the
output clock 14 illustrated and discussed hereinbefore with
retference to FIG. 4). However, because all even-numbered
TSIs 57,59, 61, ctc. 1n FIG. 3 share the same output line to
generate the eCLK signal 42 and because all odd-numbered
TSIs 58, 60, etc. 1n FIG. 3 share the same output line to
generate the oCLK signal 43, there may be a large junction
load at the eCLK 42 and oCLK 43 inputs to the phase mixer
36, especially when a long coarse delay line 34 (i.e., a delay
line 34 with a large number of CDUs and TSIs) 1s used.
However, as noted before, 1n case of a high frequency opera-
tion, there may not be a need to use many coarse delay cells
(CDUs), and, hence, such loading may be avoided.

FI1G. 7 illustrates another exemplary architecture according
to one embodiment of the present disclosure for the coarse
and fine delay lines in the synchronization circuit 32 of FIG.
2. It1s seen from a comparison of FIGS. 3 and 7 that the coarse
delay line 34* 1n FIG. 7 1s substantially similar to the coarse
delay line 34 1n FIG. 3, except for 1ts hierarchical exit point
structure to further reduce junction parasitic load at the eCLK
42 and oCLK 43 inputs to the phase mixer 36 as discussed
later hereinbelow. In other words, the delay line 34* 1n FI1G. 7
may be considered as another embodiment of the delay line
34 of FIG. 3 and, hence, the delay line 34* may be used
instead of the delay line 34 1n the synchronization circuit 32 of
FIG. 2. Therefore, 1dentical circuit elements or signal lines
having similar functlonahty in FIGS. 3 and 7 are denoted by
the same reference numerals for ease of discussion. In FIG. 7,
the structural elements 1n addition to those shown in FIG. 3
include the CDUs 83-88 and their corresponding TSIs 89-935
in the first level of TSIs, the groups of CDUs and TSIs des-
ignated by reference numerals 96-102, the TSIs 103-106 1n
the second level, the logical OR gates 107-110, the even- and
odd-grouped-cell lines 42A-42B and 43A-43B, respectively,
and the additional SEL mputs SEL4 (S0E) through SEL10
(50K) from the shift register and control unit 48. The overall
function of the delay line 34* and phase mixer 36 combina-
tion1n FIG. 7 1s the same as that for the delay line 34 and phase
mixer 36 combination in FIG. 3. Therefore, operational
details common between the circuit configurations 1n FIGS. 3
and 7 are not repeated hereinbelow for the sake of brevity.

It was observed with reference to FIG. 3 that because all
even-numbered TSIs 57, 59, 61, etc. 1n FIG. 3 share the same
output line to generate the eCLK signal 42 and because all
odd-numbered TSIs 58, 60, etc. in FIG. 3 share the same
output line to generate the oCLK signal 43, there may be a
large junction parasitic load at the eCLK 42 and oCLK 43
inputs to the phase mixer 36, especially when a long coarse
delay line 34 1s used. However, to achieve low junction para-
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sitic load even with a long coarse delay line, the hierarchical
exit point delay line structure of the coarse delay line 34* 1n
FIG. 7 may be used instead. In the delay line 34*, the outputs
of even and odd delay stages are grouped in two hierarchical
levels—the first level of grouping achieves low junction para-
sitic load, and the second or “higher” level of grouping
accomplishes better higher frequency operation. In FIG. 7,
the first level of grouping obtains the even- and odd-grouped-
cell lines 42A-42B and 43A-43, respectively, whereas the
second level of grouping obtains the eCLK 42 and oCLK 43
signals. For example, in the first level of grouping, the outputs
of the first set of four even-numbered TSIs 57, 59, 61, and 90
are grouped to constitute the grouped-cell line 42A; the out-
puts of the second set of four even-numbered TSIs 92, 94, and
other two TSIs (not shown) are grouped to constitute the
grouped-cell line 42B; the outputs of the first set of four
odd-numbered TSIs 38, 60, 89, and 91 are grouped to consti-
tute the grouped-cell line 43 A; and the outputs of the second
set of four odd-numbered TSIs 93, 95, and other two TSIs (not
shown) are grouped to constitute the grouped-cell line 43B.
Additional groupings in the similar manner may be per-
formed depending on the size of the delay line 34%*. The
grouped-cell lines 42A-42B and 43A-43B 1n the first level are
connected to respective intermediate clock lines eCLK 42 and
oCLK 43 wvia another (second) level of TSIs 103-106 as
shown i FIG. 7.

Although the number of cells (T'SIs) per group 1s “4” (Tour)
in each first level of grouping, and the number of hierarchical
levels 1s “2” (two) 1n the embodiment of FIG. 7, these num-
bers may be changed depending on the size of the coarse
delay line 34*(e.g., more delay units and TSIs may require an
increase 1n the number of hierarchical levels) or on other
design considerations (e.g., desired level of junction parasitic
load, the expected range of mput clock frequencies, etc.).
Furthermore, although the discussion herein with reference to
FI1G. 7 refers to these hierarchical “levels,” these “levels™ are
more conceptual 1n nature (for ease of discussion) than physi-
cally well-defined boundaries or rigid segments within a real
life circuit implementation of the delay line structure 34* 1n
FIG. 7 as can be seen from the detailed circuit layouts 1n
FIGS. 9A-9C.

In operation, the SEL# inputs S0A-50K (SELO through
SEL10)1n FIG. 7 perform selective activation/deactivation of
CDU-TSI groups 62-65 and 96-102 1n the same manner as
that described with reference to FIG. 3. However, instead of
supplying the outputs of even- and odd-numbered TSIs
directly to the eCLK 42 and oCLK 43 signals, respectively, as
was the case 1n the embodiment of FIG. 3, the outputs of each
set of four TSIs (even- or odd-numbered) are grouped
together in the embodiment of F1G. 7 to form the grouped-cell
lines 42A-42B and 43A-43B as shown. Each of these
grouped-cell lines 1s, 1n turn, connected as an mput to a
respective TSI 103-106 1n the second hierarchical level. The
TSIs 103-106 1n the second level may also be given odd and
even numbers similar to the TSIs 1n the first level. Thus, for
example, TSIs 103-106 may be referred to by odd or even
numbers starting with number “0” for TSI 103, number “1”
for TSI104, number “2” for TSI 105, number “3” for TS1106,
and so on. The output of each even-numbered TSI 103, 105,
etc. 1 the second hierarchical level 1s combined to generate
the eCLK si1gnal 42, and the output of each odd-numbered TSI
104, 106, etc. 1n the second hierarchical level 1s combined to
generate the oCLK signal 43 as shown 1n FIG. 7.

In the embodiment of FIG. 7, each “outputting” TSI 103-
106 15 selectively activated by one of the SEL 1nputs associ-
ated with and operating on the first (or “lower”) level of
groups whose outputs constitute the corresponding grouped-
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cell line that 1s input to the respective TS1103-106. Thus, for
example, the even-numbered TSI 103 1n the second level 1s
activated by SEL inputs SELO (50A) through SEL6 (50G)
signals because each of the SELO-SEL6 signals plays a role
in generating an output on the even-grouped-cell line 42A,
which 1s supplied as an mnput to the even-numbered “output-
ting” TSI 103. Thus, any of the seven select inputs SELO
through SEL6 can turn on or enable the TSI 103 to supply an
output on the eCLK line 42. Similarly, the odd-numbered TSI
104 1s activated by each of the SELO through SEL7 signals
because output of each one of the odd-numbered TSIs 38, 60,
89, and 91 1n the first level 1s affected by at least one of these
eight select mmputs SELO through SEL7. And, the outputs of
the first level of odd-numbered TSIs 58, 60, 89, and 91 are
combined in the grouped-cell line 43 A to constitute the input
to the odd-numbered “outputting” TSI 104 in the second
level. In the embodiment of FIG. 7, each second level of TSI
1s activated or enabled by an output from a multi-input OR
gate 107-110 whose inputs are the appropriate SEL signals as
shown. It 1s noted that other logic gates or inputting circuits
may be used instead of the OR gates 107-110 to accomplish
the desired OR -ing functionality as 1s evident to one skilled in
the art. One such alternative embodiment 1s shown 1n FIGS.
9A-9C where multi-input NAND gates are shown to provide
the control 1nputs to the “outputting” TSIs.

It 1s seen from FIG. 7 that for the first group of four even-
and four odd-numbered cells (TSIs 57-61 and 89-91)—a total
of eight first level of TSIs—only two outputting TSIs 103104
are activated 1n the second level and one of each connected to
the eCLK 42 and oCLK 43 lines, respectively. These TSIs
103-104 will be deactivated when the second pair of output-
ting TSIs 105-106 1s activated as can be seen from the circuit
configuration in FIG. 7. Thus, instead of connecting all TSIs
to the eCLK 42 and oCLK 43 lines as 1n the configuration of
FIG. 3, the coarse delay line 34* configuration in FIG. 7
implements a grouping of TSIs 1n two hierarchical levels.
Each group o1 TSIs 1n the “lower” level shares their outputs to
the TSIs 1 the immediately “higher” level. The TSIs at the
“highest” hierarchical level (the second level in FIG. 7) will
share their outputs and their shared node (the eCLK 42 or
0oCLK 43 lines) 1s connected to one mput of the phase mixer
36 which interpolates the phase between 1ts two 1nput clocks
as discussed hereinbetore. The first level of grouping of TSIs
in FIG. 7 (e.g., the TSIs 57-61 and 89-91) results in low
junction parasitic load on the eCLK 42 and oCLK 43 1mnputs to
the phase mixer 36 because of substantial reduction 1n the
number of TSIs that are directly connected to the eCLK 42
and oCLK 43 clock lines. The further grouping—at the sec-
ond level—of TSIs 1n FIG. 7 (e.g., the TSIs 103-106) facili-
tate higher frequency operation because of the reduction in
the number of TSIs directly connected to the eCLK 42 and
oCLK 43 clock lines and, hence, reduction in the junction
parasitic load (which allows for operation at higher clock
frequencies). By using the hierarchical exit-point delay line
structure for the coarse delay line (e.g., the delay line 34* 1n
FIG. 7) i the synchronization circuit 32 of FIG. 2, a wide
clock locking range as well as a seamless phase change 1n the
coarse/line boundary may be achieved as discussed herein-
betore. A wide locking range may be achieved with the struc-
ture 34* 1n FIG. 7 because even 11 many delay cells (CDUs)
are used 1n the coarse delay line to meet long clock period
(tCK) (lower clock frequency) operation, the presence of
large number of delay cells may not hurt short t .. (higher
clock frequency) operation because of the smaller junction
load achieved at any time by using cell grouping and hierar-
chical clock exit-point architecture. The low junction para-
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clock lines mputs to the phase mixer 36) allows for operation
at higher clock speeds over 1 GHz.

FIG. 8 illustrates another exemplary simulation of various
clock and other signals 1n the synchronization circuit of FIG.
2 and also 1llustrates the seamless switching (as reflected 1n
the “clean”, final output clock) at the coarse-fine boundary
using the coarse and fine delay line architecture of FIG. 7.
Various clock and control signals in FI1G. 8 are similar to those
shown 1n FIG. 4 and, hence, are 1dentified by the same refer-
ence numerals. For example, the SA, SB, and SC signals
76-78, respectively, are shown 1n FIGS. 4-6 as well as 1n
FIGS. 8-9. As mentioned hereinbefore, these signals 76-78
constitute the weight factor signal 44 (from the control unit
46) carrying the value of weight factor “K.” Similarly, the
shaft lett (SHL) and shift right (SHR) signals 25-26 from the
phase detector 38 are also shown in FIGS. 4 and 8. It 1s seen
from the simulation wavetorms of RefClk 12, eCLK 42,
oCLK 43, and ClkOut 14 that although there are some
glitches or phase changes occurring during coarse shifting (in
the coarse delay line 34%*) as reflected 1n the waveforms of the
intermediate clocks 42-43 and as pointed out by the circled
letters A, B, and C 1n FIG. 8, the final output clock (1.e., the
ClkOut signal 14) 1s absent of any jitter or noise caused by
such coarse shifting glitches because of the generation of two
intermediate clocks 42-43 and the weight-factor (K) based
phase interpolation performed 1n the phase mixer 36.

The assertion of SHL 25 and SHR 26 signals (and, hence,
assertion of appropriate SEL signals from the shift register
28) may result 1n such phase changes or jitters in the eCLK 42
and oCLK 43 signals, but the output clock 14 from the phase
mixer 36 1s independent of such perturbations as shown in
FIG. 8. Various exemplary values of the weight factor “K™ are
also indicated 1n FI1G. 8 for ease of reference. For example, 1n
FIG. 8, the value of weight factor “K” 1s mnitially set at K=0,
but 1s gradually increased to K=1 at which point the phase
mixer 1s bypassing the oCLK 43 to 1its output 14 (as repre-
sented by the circled letter D in FIG. 8) and, hence, a glitch in
the eCLK 42 (represented by the circled letter A in FIG. 8)
does not appear in the final output 14. Thereaftter, the value of
K may be decreased to a point when K=0, thereby resulting
in the eCLK 42 bypass to the output 14 of the phase mixer 36
(as shown by the circled letter E 1n FIG. 8). Any jitters in the
oCLK 43 (as represented by the circled letter B 1n FIG. 8)
when K=0 fail to appear in the output clock 14 because of the
occurrence of eCLK bypass (as shown by the circled letter E
in FIG. 8). Similarly, the oCLK 43 bypass may again occur
when K 1s again increased to K=1 as indicated by the circled
letter F in FIG. 8. The glitch in the eCLK 42 (shown at circled
letter C 1n FIG. 8) thus fails to appear in the final output 14
because of this oCLK bypass. Thus, as noted hereinbefore,
the generation of intermediate clocks 42-43 with a fixed phase
delay therebetween and a weight-factor based phase interpo-
lation or mixing 1n the phase mixer 36 results 1n a seamless
transition from coarse delay to fine delay as reflected in the
final output clock 14 1n FIG. 8.

FIGS. 9A-9C depict a detailed circuit diagram according to
one embodiment of the present disclosure for simulation of
the clock synchronization circuit of FIG. 2. The circuit sche-
matic 1 FIGS. 9A-9C is similar to the schematic in FIGS.
6A-6B, except that the coarse delay line 34*(FIG. 7) 1s
depicted 1n FIGS. 9A-9C whereas the coarse delay line 34
(FI1G. 3)1s depicted in FIGS. 6 A-6B. The circuit schematic in
FIGS. 9A-9C illustrates the shift register 48, the coarse delay
line 34%*, and the phase mixer 36 blocks 1n FIG. 2 in more
detail. A few of the signal lines 1n FIGS. 9A-9C are labeled
with reference numerals to provide context with reference to
FIGS. 2 and 7. Although neither a discussion of FIGS. 9A-9C
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nor an exhaustive component labeling 1s provided herein for
various circuit elements in FIGS. 9A-9C, it 1s noted that the
operation of the circuit in FIGS. 9A-9C may be easily under-
stood by one skilled 1n the art upon comparison with the block
diagrams 1n FIGS. 2 and 7 and based on the earlier discussion
of the operation of the DLL 32 1n FIG. 2 and the operation of
the coarse delay line 34* 1n FIG. 7. It 1s observed here that the
circuit schematic 1n FIGS. 9A-9C 1s for illustrative purpose
only. A circuit designer may implement the DLL 32 1n FIG. 2
and the coarse delay line 34* in FIG. 7 in many other different
ways using the teachings of the present disclosure.

As noted betore, the DLL 32 according to one embodiment
of the present disclosure 1s one type of synchronous circuit
that can be internal to any integrated circuit including, for
example, an SDRAM memory unit. Further, although the
discussion given hereinbefore 1s with reference to a DLL
(e.g.,the DLL 32), the combination of the coarse delay line 34

(FIG. 3) or 34* (FI1G. 7) and the phase mixer 36 architecture

in FIGS. 3 and 7 of the present disclosure may be used (with
suitable modifications known to one skilled 1n the art) with
any other synchronous circuit including, for example, syn-
chronous mirror delay (SMD) circuits or phase locked loop
(PLL) circuits that may also be used for clock synchroniza-
tion 1n various electronic mtegrated circuits including, for
example, SDRAMSs. The architecture of FIGS. 3 and 7 may be
used to accomplish fast locking time without output clock
jitter or noise at high input (reference) clock frequencies. The
deactivation or turming off of unused delay stages and selec-
tive activation of needed delay units and tri-state inverters in
the coarse delay line 34 i FIG. 3 or 34* 1n FIG. 7 further
results 1 lower current and power consumption at higher
operating frequencies.

FI1G. 10 1s a simplified block diagram showing a memory
chip or memory device 120 employing the clock synchroni-
zation circuit (1.e., the DLL 32) of FIG. 2 according to one
embodiment of the present disclosure. The memory chip 120
may be part of a DIMM (dual in-line memory module) or a
PCB (printed circuit board) containing many such memory
chips (not shown in FIG. 10). The memory chip 120 may
include a plurality of pins 122 located outside of chip 120 for
clectrically connecting the chip 120 to other system devices.
Some of those pins 122 may constitute memory address pins
or address bus 123, data pins or data bus 124, and control pins
or control bus 125. It 1s evident that each of the reference
numerals 123-125 designates more than one pin 1n the corre-
sponding bus. Further, it 1s understood that the schematic 1n
FIG. 10 1s for 1llustration only. That 1s, the pin arrangement or
confliguration 1n a typical memory chip may not be 1n the form
shown 1n FIG. 10.

A processor or memory controller (not shown 1n FIG. 10,
but shown 1n FIG. 11) may communicate with the chuip 120
and perform memory read/write operations. The processor
and the memory chip 120 may communicate using address
signals onthe address lines or address bus 123, data signals on
the data lines or data bus 124, and control signals (e.g., a row
address strobe (RAS) signal, a column address strobe (CAS)
signal, etc. (not shown)) on the control lines or control bus
125. The “width” (1.e., number of pins) of address, data and
control buses may differ from one memory configuration to
another.

Those of ordinary skill 1n the art will readily recognize that
memory chip 120 of FIG. 10 1s simplified to illustrate one
embodiment of a memory chip and 1s not intended to be a
detailed illustration of all of the features of a typical memory
chip. Numerous peripheral devices or circuits may be typi-
cally provided along with the memory chip 120 for writing
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data to and reading data from the memory cells 126. However,
these peripheral devices or circuits are not shown 1 FIG. 10
for the sake of clanty.

The memory chip 120 may include a plurality of memory
cells 126 generally arranged 1n rows and columns to store data
in rows and columns. Each memory cell 126 may store a bit of
data. A row decode circuit 128 and a column decode circuit
130 may select the rows and columns 1n the memory cells 126
in response to decoding an address, provided on the address
bus 123. Data to/from the memory cells 126 1s then trans-
terred over the data bus 124 via sense amplifiers and a data
output path (not shown). A memory controller (not shown)
may provide relevant control signals (not shown) on the con-
trol bus 125 to control data communication to and from the
memory chip 120 via an I/O (input/output) unit 132. The I/O
unit 132 may include a number of data output butlers (not
shown) to recerve the data bits from the memory cells 126 and
provide those data bits or data signals to the corresponding
data lines 1n the data bus 124. The I/O unit 132 may further
include a clock synchronization unit or delay locked loop
(DLL) (e.g., the DLL 32 of FIG. 2) to synchronize the exter-
nal system clock (e.g., the clock used by the memory control-
ler (not shown) to clock address, data and control signals
between the memory chip 120 and the controller) with the
internal clock used by the memory 120 to perform data write/
read operations on the memory cells 126.

The memory controller (not shown) may determine the
modes of operation of memory chip 120. Some examples of
the mput signals or control signals (not shown 1n FIG. 10) on
the control bus 125 include an External Clock signal, a Chip
Select signal, a Row Access Strobe signal, a Column Access
Strobe signal, a Write Enable signal, etc. The memory chip
120 communicates to other devices connected thereto via the
pins 122 on the chip 120. These pins, as mentioned before,
may be connected to appropriate address, data and control
lines to carry out data transier (1.e., data transmission and
reception) operations.

FIG. 11 1s a block diagram depicting a system 134 1n which
one or more memory chips 120 having the architecture shown
in FIG. 10 are used. The system 134 may include a data
processing unit or computing unit 135 that includes a proces-
sor 136 for performing various computing functions, such as
executing specific soltware to perform specific calculations
or data processing tasks. The computing unit 135 may also
include memory devices 120 that are 1n communication with
the processor 136 through a bus 138. The bus 138 may include
an address bus (not shown), a data bus (not shown), and a
control bus (not shown). Each of the memory device 120 can
be a dynamic random access memory (DRAM) chip or
another type of memory circuits such as SRAM (Static Ran-
dom Access Memory) chip or Flash memory. Furthermore,
the DRAM could be a synchronous DRAM commonly
referred to as SGRAM (Synchronous Graphics Random
Access Memory), SDRAM (Synchronous Dynamic Random
Access Memory), SDRAM 11, or DDR SDRAM (Double
Data Rate SDRAM), as well as Synchlink or Rarnbus
DRAMSs. Those of ordinary skill 1in the art will readily recog-
nize that the memory device 120 of FIGS. 10 and 11 1s
simplified to 1llustrate one embodiment of a memory device
and 1s not mtended to be a detailed 1llustration of all of the
features of a typical memory chip. The processor 136 can
perform a plurality of functions based on mformation and
data stored 1n the memory devices 120. The processor 136 can
be a microprocessor, digital signal processor, embedded pro-
cessor, micro-controller, dedicated memory test chip, or the

like.
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Each of the memory devices 120 may have construction
similar to that shown 1n FIG. 10 (1.e., eachmemory device 120
may include the clock synchronization circuit 32 constructed
according to the teachings of the present disclosure), and,
hence, the same reference numeral 120 1s used 1n FIGS. 10
and 11 to refer to these memory devices. A memory controller
140 controls data communication to and from the memory
devices 120 1n response to control signals (not shown)
received from the processor 136 over the bus 142. The
memory controller 140 may include a command decode cir-
cuit (not shown). The command decode circuit may receive
the mput control signals (on the bus 142) (not shown) to
determine the modes of operation of one or more of the
memory devices 120. Some examples of the iput signals or
control signals (not shown i1n FIG. 11) on the bus 142 (and
also on the bus 138) include an External Clock signal, a Chip
Select signal, a Row Access Strobe signal, a Column Access
Strobe signal, a Write Enable signal, efc.

The system 134 may include one or more input devices 144
(e.g., a keyboard, a mouse, etc.) connected to the computing
unit 135 to allow a user to manually 1nput data, instructions,
etc., to operate the computing unit 135. One or more output
devices 146 connected to the computing unit 135 may also be
provided as part of the system 134 to display or otherwise
output data generated by the processor 136. Examples of
output devices 146 1include printers, video terminals or video
display units (VDUSs). In one embodiment, the system 134
also 1includes one or more data storage devices 148 connected
to the data processing unit 135 to allow the processor 136 to
store data 1n or retrieve data from 1nternal or external storage
media (not shown). Examples of typical data storage devices
148 include drives that accept hard and floppy disks, CD-
ROMSs (compact disk read-only memories), and tape cas-
settes.

The foregoing describes a clock synchronization system
and method to avoid output clock jitter at high frequencies
and to also achieve a smooth phase transition at the boundary
of the coarse and fine delays. The system may use a single
coarse delay line configured to generate two intermediate
clocks from the input reference clock and having a fixed
phase difference therebetween. The coarse delay line may
have a hierarchical or a non-hierarchical structure. A phase
mixer receives these two intermediate clocks and generates
the final output clock having a phase between the phases of
the intermediate clocks. The coarse shifting in the delay line
at high clock frequencies does not atfect the phase relation-
ship between the intermediate clocks fed into the phase mixer.
Thus, the phase mixer receives the intermediate clocks with a
fixed phase delay at all times, regardless of coarse shifting
performed 1n the coarse delay line. Therefore, although a
phase mixer may solve the delay discontinuity problem
between the coarse and fine delay boundary, the generation of
the intermediate signals using a single delay line further
allows coarse shifting at high frequencies, without any limi-
tations. The output clock from the phase mixer 1s time syn-
chronized with the input reference clock and does not exhibit
any jitters or noise even at high clock frequency inputs.

While the disclosure has been described 1n detail and with
reference to specific embodiments thereof, 1t will be apparent
to one skilled in the art that various changes and modifications
can be made therein without departing from the spirit and
scope of the embodiments. Thus, 1t 1s intended that the present
disclosure cover the modifications and variations of this dis-
closure provided they come within the scope of the appended
claims and their equivalents.
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What 1s claimed 1s:

1. An apparatus, comprising;

a first plurality of output circuits;

a second plurality of output circuits;

a plurality of series coupled delay units, every other delay
unit having an output coupled to a respective one of the
first plurality of output circuits and the outputs of the
remaining delay units coupled to a respective one of the
second plurality of output circuits;

a phase mixer having a first input and a second nput, the
phase mixer configured to provide an output signal
based at least on a combination of signals provided to the
first and second 1nputs;

a third output circuit having an output coupled to the first
input of the phase mixer and further having an input
coupled to outputs of the first plurality of output circuits,
the third output circuit configured to selectively couple
one of the output circuits of the first plurality to the first
input of the phase mixer; and

a fourth output circuit having an output coupled to the
second input of the phase mixer and further having an
input coupled to outputs of the second plurality of output
circuits, the fourth output circuit configured to selec-
tively couple one of the output circuits of the second
plurality to the second 1nput of the phase mixer.

2. The apparatus of claim 1 wherein a first signal provided
by the third output circuit 1s out of phase of a second signal
provided by the fourth output circuit by a delay defined by a
delay unit of the plurality of series coupled delay units.

3. The apparatus of claim 1 wherein each of the delay units
comprises a pair of NAND logic gates.

4. The apparatus of claim 3 wherein each of the delay units
further comprises a logic circuit configured to enable and
disable a respective output circuit of the first and second
pluralities of output circuits.

5. The apparatus of claim 1 wherein each of the delay units
1s configured to be enabled or disabled responsive to a respec-
tive select signal.

6. An apparatus, comprising;

a first plurality of output circuits;

a first plurality of series coupled delay units, every other
delay unit of the first plurality of series coupled delay
units having an output coupled to a respective one of the
first plurality of output circuits;

a second plurality of output circuits;

a second plurality of series coupled delay units, every other
delay unit of the second plurality of series coupled delay
units having an output coupled to a respective one of the
second plurality of output circuits, wherein an output of
the last delay unit of the first plurality of delay units 1s
coupled to an 1nput of a first delay unit of the second
plurality of delay units;

a phase mixer having first and second inputs and config-
ured to mix phases of signals provided to the first and
second 1nputs;

a first circuit having an output coupled to the first input of
the phase mixer and the first circuit coupled to outputs of
the first plurality of output circuits, wherein the first
circuit 1s configured to selectively couple or decouple an
output circuit of the first plurality of output circuits to or
from the first input of the phase mixer; and

a second circuit having an output coupled to the first input
of the phase mixer and the second circuit coupled to
outputs of the second plurality of output circuits,
wherein the second circuit 1s configured to selectively
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couple or decouple an output circuit of the second plu-
rality of output circuits to or from the first input of the
phase mixer,

wherein the second circuit 1s further configured to
decouple outputs of the second plurality of output cir-
cuits from the first input of the phase mixer responsive to
an output circuit of the first plurality of output circuits
coupled through the first circuit and wherein the first
circuit 1s further configured to decouple outputs of the
first plurality of output circuits from the first input of the
phase mixer responsive to an output circuit ol the second
plurality of output circuits coupled through the second
circuit.

7. The apparatus of claim 6 wherein the first plurality of

output circuits comprises a first plurality of tri-state inverters.

8. The apparatus of claim 6 wherein the first circuit com-
Prises:

a tri-state inverter having an input coupled to the outputs of

the first plurality of output circuits; and

a logic circuit coupled to the tri-state inverter and config-
ured to enable the tri-state inverter responsive to any of
the output circuits of the first plurality of output circuits
being enabled.

9. The apparatus of claim 8 wherein the logic circuit com-

prises an OR logic gate.

10. The apparatus of claim 6 wherein the first circuit is
turther configured to couple an output circuit of the first
plurality to the first input of the phase mixer responsive to any
of the output circuits providing an output signal.

11. The apparatus of claim 6, further comprising:

a third plurality of output circuits, each of the output cir-
cuits of the third plurality coupled to an output of a
respective one of the first plurality of delay units not
coupled to an output circuit of the first plurality; and

a third circuit having an output coupled to the second input
of the phase mixer and the third circuit coupled to out-
puts of the output circuits of the third plurality of output
circuits, wherein the third circuit 1s configured to selec-
tively couple or decouple an output circuit of the third
plurality of output circuits to or from the second input of
the phase mixer.

12. The apparatus of claim 6 wherein the first plurality of
output circuits and the second plurality of output circuits are
included 1n a first level of switches coupled between the delay
units and the first input of the phase mixer and the first circuit
and second circuit are included 1n a second level of switches
coupled between the delay units and the first mput of the
phase mixer.

13. An apparatus, comprising:

a phase mixer having a first input and a second nput, the
phase mixer configured to provide an output signal hav-
ing a phase based at least 1n part on phases of signals
provided to the first and second inputs; and

a plurality of delay units, the plurality of delay units sepa-
rated 1nto a plurality of groups of delay units, wherein
cach delay unit of the plurality of delay units 1s coupled
to a respective one of a plurality of first switches, a first
set of the plurality of first switches coupled to a first one
of a plurality of second switches and a second set of the
plurality of first switches coupled to a second one of the
plurality of second switches, wherein the first one and
the second one of the plurality of second switches are
coupled to the first input of the phase mixer.

14. The apparatus of claim 13 wherein the first and second

set of the plurality of first switches and the first and second
one of the plurality of second switches are included 1n a
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hierarchical switching network coupled between the plurality
of delay units and the first input of the phase mixer.

15. The apparatus of claim 13 wherein each of the groups of
delay units of the plurality of groups of delay units includes a
same number of delay units.

16. The apparatus of claim 13 wherein each of the groups of
delay units of the plurality of groups of delay units includes an
even number of delay units.

17. The apparatus of claim 13 wherein each of the delay
units of the plurality of delay units has a same delay.

18. The apparatus of claim 13 wherein the phase mixer
COmprises:

a first set of tri-state inverters having inputs coupled to the
first input of the phase mixer;

a second set of tri-state mverters having inputs coupled to
the second 1nput of the phase mixer; and

an inverter coupled to outputs of the first and second sets of
tri-state inverters.

19. A method, comprising:

propagating a clock signal through a plurality of delay
units, each of the delay units providing a respective
delayed clock signal;

providing each of the delayed clock signals to a respective
output circuit;

enabling a first output circuit to provide a first one of the
delayed clock signals, wherein the first output circuit
comprises a first tri-state iverter;

providing the first one of the delayed clock signals through
a second output circuit coupled to the first output circuit,
wherein the second output circuit comprises a second
tri-state 1nverter;

enabling a third output circuit to provide a second one of
the delayed clock signals, the second one of the delayed
clock signals having a delay relative to the first one of the
delayed clock signals based at least 1n part by a delay
unit;

providing the second one of the delayed clock signals
through a fourth output circuit coupled to the third out-
put circuit; and

phase mixing the first one of the delayed clock signals and
the second one of the delayed clock signals to provide an
output clock signal.

20. A method, comprising:

propagating a clock signal through a plurality of delay
units, each of the delay units providing a respective
delayed clock signal;

providing each of the delayed clock signals to a respective
output circuit;

enabling a first output circuit to provide a first one of the
delayed clock signals;

providing the first one of the delayed clock signals through
a second output circuit coupled to the first output circuat,
wherein the second output circuit comprises a first tri-
state inverter and a first logic gate;

enabling a third output circuit to provide a second one of
the delayed clock signals, the second one of the delayed
clock signals having a delay relative to the first one of the
delayed clock signals based at least 1n part by a delay
unit;

providing the second one of the delayed clock signals
through a fourth output circuit coupled to the third out-
put circuit, wherein the fourth output circuit comprises a
second tri-state mverters and a second logic gate; and

phase mixing the first one of the delayed clock signals and
the second one of the delayed clock signals to provide an
output clock signal.
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